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ABSTRACT 


A circulation  control  (CC)  airfoil  model  able  to  withstand  high  aerc- 
dynamically  induced  loads  and  high  internal  pressure  loads  was  designed, 
manucactured , and  structurally  evaluated.  The  CC  airfoil,  with  a span 
approximately  three  times  that  of  any  CC  model  heretofore  evaluated,  suc- 
cessfully performed  at  air  speeds  up  to  Mach  0.8.  And  it  was  the  first 
CC  model  evaluated  in  the  David  W.  Taylor  Naval  Ship  Research  and  Devel- 
opment Center  (DTNSRDC)  Transonic  Wind  Tunnel.  Structural  and  design 
problem?  encountered,  their  resolution,  and  salient  features  of  the  de- 
sign are  discussed. 


ADMINISTRATIVE  INFORMATION 

The  experimental  program,  under  which  the  work  reported  herein  was 
performed,  was  funded  by  the  Naval  Air  Systems  Command  (AIR-320D)  under 
Task  Area  WSL06.001.  The  DTNSRDC  Work  Unit  was  1619-200.  This  work  was 
accomplished  during  the  period  January  1976  through  June  1976. 


UNITS  OF  MEASUREMENTS 

U.  S.  '■'ustomary  units  are  the  primary  units  in  this  report.  Metric 
units  are  given  adjacent  to  the  U.  S.  units  in  parentheses.  Angular 
measurement  is  the  only  exception.  The  unit  of  degrees  is  not  converted 
to  radians. 


INTRODUCTION 


The  Design  Engineering  Division  (Code  294)  of  the  Central  Instrumen- 
tation Department,  DTNSRDC, was  requested  by  the  Rotary  Wing  Group  (Code 
1619)  of  the  Aviation  and  Surface  Effects  Department,  DTNSRDC,  to  design 
and  have  constructed  an  airfoil  model  required  for  evaluation  in  the 
Center's  Transonic  Wind  Tunnel.  The  model  was  to  be  of  rectangular  plan- 
form  with  a 10  foot  (3.05  m)  span,  18  inch  (0.457  m)  chord,  0.16  thick- 
ness ratio,  and  section  contour  of  circulation  control  (CC)  Shape  NCCR 
1610-8042S.  It  was  to  have  the  capability  of  withstanding  aerodynamic 
loads  at  airspeeds  up  to  Mach  1 with  pitch  angles  of  -10  degrees  to  +6 
degrees.  Loading  information  as  well  as  other  requirements  for  the  de- 
sign were  furnished  by  Code  1619  and  are  presented  in  the  next  section  of 
this  report. 

Several  design  concepts  were  studied  to  determine  which  would  best 
suit  all  the  loading  requirements  without  sacrificing  structural  inte- 
grity while  simultaneously  providing  a smooth  passage  for  the  flow  of  in- 
ternal air  to  the  circulation  control  slot.  Although  secondary  to  the 
other  requirements,  the  design  concept  was  directed  towards  minimizing 
complexity  of  manufacture. 


In  the  selected  configuration  (Figure  1)  the  foil  was  constructed  en- 
tirely (with  the  exception  of  the  bolts)  of  high  strength  aluminum.  Two 
support  struts,  spaced  5 feet  (1.52  m)  apart  about  mid-span,  were  made  of 
HY-80  steel. 


DESIGN  SPECIFICATIONS 

The  following  specified  design  requirements  governed  the  general  con- 
figuration geometry  and  mechanical  features.  The  structural  requirements, 
based  on  the  anticipated  loads,  also  significantly  influenced  the  geo- 
metric configuration. 

The  model  was  to  be  rectangular  in  planform  with  a 10  foot  (3.05  m) 
span,  18  inch  (0.457  m)  chord,  0.16  thickness  ratio  and  outer  section 
contour  of  CC  shape  NCCR  1610-8042S.  The  upper  and  lower  trailing  edge 
sections  were  to  be  detachable.  Accommodation  for  ducting  17  psig  (117 
KPa)  air  with  a 3 lb/sec  (1.36Kg/s)  flow  rate  within  the  airfoil  was  to 
be  provided.  Air  entrance  into  the  ducting  was  to  be  from  both  ends  of 
the  airfoil,  and  the  air  passage  from  the  entrance  through  the  airfoil 
to  the  exit  slot  was  to  be  as  smooth  and  unrestricted  as  possible.  The 
exit  air  slot  opening  was  to  be  nominally  0.030  inches  (0.762  mm)  and  ad- 
justable. The  duct  cross-sectional  area  was  to  be  no  less  than  11  in2 
(71  cm2)  throughout.  The  model  was  also  to  contain  108  pressure  taps 
at  specified  locations  on  the  surface  of  the  airfoil,  with  tube  lines 
leading  to  external  measuring  instrumentation.  The  model  was  to  be  oper- 
ated at  pitch  angles  from  -10  degrees  to  +6  degrees. 

The  following  load  data  specified  by  Code  1619  were: 

Lift  load  +840  lb/ft2  (40.2  KPa) 

-660  lb/ft2  (-31.6  KPa) 

Total  moment  about  the  45  percent  chord; 

1800  ft-lb  (2.4  KN.m)  at  +6  degrees  angle  of  attack 
-3375  ft-lb  (-4.6  KN.m)  at  -10  degrees  angle  of  attack 

Stress  Limit:  A factor  of  safety  of  four  based  on  the  yield  strength 
of  the  material. 


APPROACH 


DESIGN 

Conceptual  Design  Stage 

The  first  design  concept  considered  was  to  construct  the  model  in  the 
manner  that  many  smaller  CC  models  had  been  constructed.  In  these  designs 
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a hollow  box  beam  was  the  main  strength  member.  This  beam,  running  the 
entire  length  of  the  span,  was  covered  with  an  aluminum,  wood  or  fiber- 
glas  outer  shell  of  the  desired  CC  contour.  Internal  airflow  was  Intro- 
duced into  each  end  of  the  foil  and  flowed  through  the  Inside  of  the  box 
beam.  It  would  then  exit  the  beam  at  right  angles  to  the  Inlet  flow  path 
by  passing  through  a series  of  holes  or  slots  drilled  into  its  aft  verti- 
cal leg.  The  air  then  flowed  to  and  through  the  exit  slot  at  the  trail- 
ing edge  of  the  airfoil. 

This  idea  was  abandoned  for  several  reasons.  The  first  was  that  holes 
in  the  box  beam,  required  to  redirect  air  toward  the  exit  slot  at  the 
trailing  edge  of  the  airfoil,  would  weaken  the  beam.  This  factor  may  not 
have  been  of  great  consideration  in  the  smaller  models  which  had  lighter 
airfoil  loadings  and  lower  internal  air  ducting  requirements.  It  was 
important  in  this  larger  model.  Having  a span  approximately  three  times 
longer  than  prior  CC  models  and  a planform  area  nearly  four  times  greater, 
this  model  would  have  to  sustain  high  airfoil  loads  over  a long  span. 
Internal  ducting  for  an  unrestricted  flow  within  the  airfoil  would  re- 
quire so  many  cutouts  along  the  span  of  the  box  beam  that  they  would  tend 
to  weaken  this  important  highly  loaded  structural  member. 

In  addition,  a smoother  transition  for  thfe  90  degree  direction  change 
in  internal  air  flow  was  desired.  A series  of  holes  or  slots  cause  a 
rather  sudden,  and  possibly  turbulent  change  of  flow  direction. 

Finally,  the  large  amount  of  welding  required  in  a 10  foot  (3.1  m) 
long  box  beam,  as  well  as  other  joining  problems,  would  potentially  lead 
to  highly  stressed  conditions  in  the  airfoil  when  under  load.  All  the 
above  factors  made  the  box  beam  method  of  construction  unacceptable. 

Hence,  other  design  concepts  were  sought. 


An  airfoil  designed  to  be  constructed  of  aluminum,  except  for  a de- 
tachable upper  trailing  edge  section  (referred  to  as  the  knife-edge), 
made  of  steel,  was  considered  worthy  of  investigation.  Envisioned  was 
a design  in  which  the  main  body  of  the  airfoil  was  made  in  two  contoured 
halves  consisting  of  an  upper  and  lower  half  bolted  together,  (see 
Figure  1),  hollowed  out  to  form  the  internal  air  duct,  and  structurally 
designed  to  be,  in  itself,  the  main  load  carrying  member.  The  advantage 
foreseen  in  this  type  of  structure  was  that  a "cleaner"  design  would 
evolve,  one  which  would  avoid  the  problems  mentioned  in  the  preceding 
paragraph.  Also,  some  weight  reduction  would  be  achieved  - a less  im- 
portant but  still  significant  factor. 

The  use  of  steel  for  the  knife-edge  was  initially  favored,  primarily 
to  minimize  deflection  of  this  member  at  the  exit  slot,  and  also  because 
machining  aluminum  to  the  sharp  trailing  edge  required  might  be  difficult. 
The  use  of  steel  was  abandoned  when  computations  indicated  that  with  a 
100  degree  F (37.8°C)  temperature  rise  in  the  tunnel,  high  thermal 
stresses  and  foil  warpage  at  the  joint  between  the  knife-edge  and  the 
upper  sections  of  the  aluminum  airfoil  would  occur.  Computations  showed 
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that  an  acceptable  exit  slot  deflection  could  be  realized  u*ing  aluminum. 
It  was  therefore  decided  to  make  the  knife  edge  of  aluminum  and  thus 
eliminate  the  thermal  stress  problem. 

The  idea  of  an  all-aluminum  airfoil  was  then  pursued  and,  after  a 
study  of  preliminary  design  alternatives  a preferred  concept  was  selected 
(Figure  2).  Guided  by  a detailed  investigation  of  all  critical  stress 
areas,  formal  design  was  begun.  A summary  of  the  calculated  stresses 
in  major  elements  of  the  design  is  given  in  Table  1. 

FINAL  DESIGN 

The  major  design  problems  encountered  during  the  development  of  the 
final  design  were  mainly  structural  in  nature.  Within  the  dimensional 
constraints  of  the  outer  contour,  a large  percentage  of  the  cross  sec- 
tion area  had  to  be  used  for  ducting  the  internal  air  flow.  The  require- 
ment for  a large  internal  due*,  structurally  reduces  the  moment  of  inertia 
of  the  cross  section.  It  was  computed  that  as  a beam  either  simply  sup- 
ported or  fixed  on  each  end,  the  deflection  at  the  mid-span  was  unaccept- 
able. It  was  also  shown  that  the  stresses  would  exceed  the  permitted 
stress  limit.  Further  design  study  of  this  problem  and  subsequent  stress 
analysis,  indicated  that  an  all-aluminum  design  using  high  strength 
aluminum,  type  7075-T6,  meeting  all  requirements  was  structurally  pos- 
sible, provided  the  foil  was  supported  by  two  struts  located  5 feet 
(1.52  m)  apart  centrally  from  mid-span,  and  that  the  ends  of  the  airfoil 
were  supported  but  free  to  accommodate  bending  i.  e.,  pivoted  and  free 
to  slide  on  their  supports  (Figures  1 & 3). 

The  ends  were  supported  by  a unique  pivoted  slide  (Figure  4) . The 
ends  of  the  airfoil,  made  as  a hollow  rectangle  in  cross  section,  were 
vertically  restrained  but  free  to  slide  spanwise  in  a support  bracket 
which  was  free  to  rotate  about  an  axis  parallel  to  the  tunnel  axis.  In 
this  manner  the  end  supports  were,  in  beam  theory  terminology,  "simply 
supported"  as  required. 

The  struts  (Figure  5)  were  designed  to  carry  the  maximum  compressive 
load  of  4400  lbf  (19.6«N)each  without  buckling.  These  struts  were  de- 
signed not  only  to  support  the  load,  but  to  also  minimize  their  distur- 
bance of  airflow  in  the  tunnel,  especially  in  the  vicinity  of  the  airfoil 
model.  The  struts  were  designed  to  be  joined  to  the  model  with  "Monoball" 
spherical  bearings  to  accommodate  foil  bending  and  to  allow  for  changes 
in  pitch  angle.  It  was  important  that  the  centerlines  of  the  "Monoball" 
bearings  coincide  with  the  centerlines  of  the  support  bearings  located 
in  the  tunnel  wall  to  avoid  binding  when  changing  pitch  angle  of  the 
foil.  After  this  alignment  was  made,  the  struts,  which  passed  through 
the  slots  in  the  tunnel  floor,  were  shimmed  and  rigidly  bolted  to  a 
lower  metal  plate  (Figures  3 & 6) . This  plate  was  set  in  position  by 
adjusting  screws,  then  shimmed  and  bolted  to  the  underside  of  the  tunnel 
floor  structure.  G*-.her  shims  and  adjusting  screws  were  also  provided 
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at  the  lower  end  of  each  strut  for  precise  vertical  alignment  of  the 
struts  so  that  no  eccentric  loading  could  occur  which  might  cause  a 
buckling  failure  of  a strut. 

To  provide  a smooth  unrestricted  flow  path  for  internal  airflow  with 
minimal  structural  degradation,  the  inside  of  the  two  halves  of  the  air- 
foil were  machined  out  to  allow  the  internal  air  to  enter  the  airfoil 
and,  with  a gradual  curve,  flow  into  the  rear  cavity  (see  Figure  7).  In 
this  way  not  only  a smooth  flow  path  was  achieved, but  it  also  allowed 
most  of  the  airfoil  forward  of  the  50  percent  chord  to  be  of  solid  metal. 
This  greatly  strengthened  the  airfoil. 

The  airfoil  structure  had  to  be  capable  not  only  of  withstanding  the 
high  external  aerodynamic  loads  but  also  the  internal  pressure  which,  be- 
cause of  the  large  internal  passage  area  exposed  to  this  pressure,  con- 
stituted a total  internal  loading  of  31,700  lbf  (141KN) . Since  design  re- 
quirements for  internal  ducting  and  the  installation  of  pressure  tubes, 
etc.  dictated  that  the  airfoil  be  made  in  two  sections  for  manufacturing 
purposes,  this  internal  pressure  tended  to  exert  a considerable  separating 
force  within  this  two  part  structure. 

At  first  it  was  intended  to  join  the  two  halves  of  the  airfoil  using 
bolts  only  on  the  solid  forward  section.  Analysis  showed,  however,  that 
internal  pressurization  would  impose  too  high  a load  on  the  hold  down/ 
adjusting  screws  needed  for  adjusting  the  knife-edge  slot  gap.  To  over- 
come this  problem,  14  of  the  screws  which  join  the  knife-edge  to  the 
upper  half  of  the  airfoil  were  made  long  enough  to  screw  into  the  lower 
foil  and  thus  join  the  two  halves  together  at  this  location  also 
(Figure  8) . These  bolts  were  made  to  pass  through  tubular  spacers  so 
as  not  to  distort  the  airfoil  configuration  when  tightened. 

The  bolts  joining  the  two  halves  of  the  airfoil  in  the  forward  sec- 
tion serve  two  purposes,  the  first,  and  most  obvious,  is  to  secure  the 
two  halves  together.  The  second,  and  not  so  obvious,  is  to  sustain  the 
large  horizontal  shear  force  of  103,000  lbf  (458KN) which  acts  along  the 
interface  of  the  two  halves  when  the  beam  is  under  maximum  aerodynamic 
loading.  For  this  reason  high  shear  strength  shoulder  bolts  were  used 
with  additional  dowels  required  to  withstand  this  shear  force. 

To  provide  for  the  airflow  passage,  each  end  of  the  airfoil  (made 
rectangular  in  shape  for  mounting  purposes  in  the  manner  previously  de- 
scribed) was  also  made  hollow  by  cutting  away  a rectangular  duct  area  of 
the  required  11  in^  (71  cm^)  (Figure  2) . Provision  was  made  to  attach 
a sealed  transition  chamber  from  the  rectangular  opening  to  a 5 inch 
(12.7  cm)  diameter  flexible  hose  connected  to  the  external  air  supply 
(Figure  9).  In  this  way  the  airfoil  was  free  to  rotate  when  changing 
the  pitch  angle  and  free  to  move  spanwise  under  load  without  impeding  air 
flow  into  the  airfoil.  Although  a large  portion  of  the  airfoil  ends  were 
cut  away  for  the  air  passage  and  the  external  rectangular  dimensions  were 
constrained  to  fit  within  the  outer  contour  of  the  airfoil,  the  ends 
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could  still  be  designed  to  structurally  withstand  the  load  imposed  on 
them.  This  was  made  possible  to  a great  extent  by  the  pivoted  mounting 
arrangement  which  prevented  ends  of  the  foil  from  being  subjected  to 
bending  stresses. 

To  measure  the  pressure  distribution  on  the  surface  of  the  airfoil,  a 
total  of  108  holes,  each  0.040  inches  (1.02  mm)  in  diameter  were  bored 
with  their  centerlines  normal  to  the  surface  of  the  airfoil.  Inside  the 
foil,  0.065  inch  (1-65  mm)  0.  D.  x 0.047  inch  (1.19  mm)  I.  D.  stainless 
steel  tubing  led  from  each  hole  through  ducts  machined  in  the  inner  sur- 
face of  the  airfoils  (Figures  10  & 12) to  opposite  ends  for  attachment 
into  external  instrumentation  which  measured  the  pressure. 

An  angle  of  attack  indicator  (Figure  11)  was  installed  inside  the  air- 
foil with  conductor  wires  leading  to  external  readout  instrumentation. 


MANUFACTURE 

Very  few  problems  were  encountered  throughout  the  entire  machining 
process,  considering  the  size,  the  relative  thinness  of  the  airfoil  com- 
pared to  its  span,  and  the  general  complexity  of  machining  a airfoil 
shape  comprised  of  four  separate  sections  which  had  to  meet  very  close 
dimensional  tolerances  when  assembled.  The  7075-T6  aluminum  exhibited  ex- 
cellent machining  properties;  even  the  sharp  trailing  edge  of  the  knife- 
edge  piece  machined  beautifully.  However,  one  problem  did  arise  in 
rough-machining  one  half  of  the  airfoil  on  the  ONSRUD  profile  mill.  This 
machine  is  a numerically  (tape)  controlled  machine  which  utilizes  two  ad- 
justable-angle rotary  heads  driving  ball  mill  cutters  and  is  capable  of 
machining  a three  dimensional  profile.  The  mill  makes  its  machining  cut 
as  it  passes  spanwise  along  the  airfoil  producing  a scalloped  surface. 

The  size  and  depth  of  these  scalloped  cuts  can  be  reduced  by  decreasing 
the  depth  of  cut  per  pass  and  by  increasing  the  number  of  passes,  both 
of  which  are  programmed  into  the  machine.  Time  being  an  important  fac- 
tor, our  program  leaned  toward  minimizing  machining  time.  The  surface 
finish  achieved  was  not  the  best.  Also,  the  multiple  cutting  edges  of 
the  ball  mill  generate  more  heat  than  does  a single  cutting  edge  tool 
as  used  on  a planer.  This  heat  generation  increases  the  chance  of  warp- 
age  in  a thin  part,  especially  when  considerable  material  is  to  be  re- 
moved. For  this  reason  rough  machining  of  only  the  one  section  of  the 
airfoil  was  performed  on  the  ONSRUD.  The  remaining  three  sections  were 
both  rough  and  finish  machined  on  the  Rockford  planer,  which  produced 
excellent  results  both  in  dimensional  control  as  well  as  surface  finish. 

Because  of  the  length  and  thin  cross  section  of  the  airfoil  parts, 
considerable  care  had  to  be  taken  to  minimize  distortion  or  warpage  during 
the  machining  process.  By  taking  light  cuts  and  by  turning  the  airfoil 
section  over  several  times,  metal  was  removed  from  both  sides  until  the 
final  dimensions  were  achieved.  This  same  precaution  had  to  be  taken  in 
machining  the  struts  made  of  HY-80  steel. 
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To  prevent  the  loss  of  internal  air  from  the  airfoil,  all  joints  and 
other  potential  sources  of  leakage  as  around  bolt  heads,  and  through 
threaded  sections  etc.,  had  to  be  sealed.  Sylgard  No.  184,  a silicone 
resin  manufactured  by  Dow  Corning,  was  used  to  seal  the  flat  surfaced 
joint  between  the  upper  and  lower  halves  of  the  airfoil  and  the  juncture 
of  the  knife-edge  where  it  is  bolted  to  the  upper  half  of  the  airfoil. 

An  adhesive  sealant,  RTV  No.  109,  manufactured  by  General  Electric,  was 
used  to  seal  the  0.065  inch  (1.65  mm)  0.  D.  pressure  tap  tubes  at  their 
exit  from  the  airfoil.  Epoxy  Patch  Type  3X  made  by  Hysol  Division  of 
the  Dexter  Corporation  was  used  to  hold  these  tubes  in  internal  tube 
ducts  inside  the  airfoil.  Teflon  tape  was  used  to  seal  under  the  heads 
of  socket  head  and  flat  head  set  screws.  Locktite  Screw  Lock,  a 
Locktite  Corporation  product  that  permits  the  screw  to  be  turned  without 
loss  of  the  product's  locking  properties,  was  also  found  to  be  an  effec- 
tive sealant  around  screw  threads  at  pressures  up  to  30  psig  (206.8  KPa) . 
Dental  plaster  was  used  to  fill  in  over  any  discontinuity  in  the  outer 
surface  such  as  around  counterbores  or  threaded  holes  which  penetrated 
the  outer  contour  of  the  airfoil. 

The  leakage  source  which  caused  the  most  trouble  was  that  of  the  pres- 
sure tap  tube  "bundles"  as  they  exit  through  trough-shaped  openings  at 
both  ends  of  the  airfoil.  Sealing  the  cavities  between  adjacent  tubes 
bundled  together  was  not  as  effective  as  desired.  After  many  applica- 
tions, however,  an  acceptable  level  of  sealing  was  finally  obtained.  It 
is  suggested  that,  for  future  designs,  a better  means  be  found  for  seal- 
ing pressure  tap  tubes.  It  is  possible  that  a rubber  packing  gland  with 
individual  undersized  holes  for  each  tube  might  solve  this  problem.  It 
should  be  added  that  the  Epoxy  Patch  - Type  3X  was  found  to  be  quite 
satisfactory  in  filling  in  any  mismatch  in  adjoining  surfaces;  it 
hardens  and  adheres  very  well  and  can  be  readily  handworked  tc  create 
a smooth  surface. 


CONCLUSIONS 

To  date  tunnel  tests  indicate  that  the  model  has  met  all  design  re- 
quirements. Therefore,  from  the  standpoint  of  design  and  manufacture, 
it  is  within  the  state  of  the  art  to  produce  a structurally  viable,  large 
scale  aluminum  model  of  a CC  airfoil. 
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Figure  1 The  Airfoil  Model  Installed  in  the  Tunnel 
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1.  Maximum  Bending  Stress  in  Airfoil 

(at  strut  attachment) 
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(at  mid-span) 

3.  Maximum  Bending  Stress  in  Knife-Edge 

4.  Maximum  Vertical  Force  on  End  Supports 

(Airfoil) 


9945  lbf/in2 

(68 . 57MPa) 

4419  lbf/in2 
(30.47MPa) 


Factor 

of 

Safety 

6.5 


8.4 


2453  lbf/in2 
(16.91MPa) 
689  lbf  (3.06KN) 
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5.  Maximum  Horizontal  Shear  Force  on 
Interface  of  Airfoil  Halves 


102,978  lbf  (458KN) 
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6.  Maximum  Compressive  (buckling) 
Force  on  Strut 


4400  lbf  (19.57KN) 


9.6 


7.  Maximum  Tensile  Force  on  Strut 


5611  lbf  (24.96KN) 


14.3 


8.  Deflection  at  Trailing  Edge  of  Knife 
(between  3 inches  (7.67  cm)  centers  of 
slot  gap  adjusting  screws) 
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